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ABSTRACT

The tropospheric methane molar fraction (fcyy4 () and the

ortho/para  hydrogen ratio are derived for Uranus and Neptune
based on new determinations of spectroscopic parameters for key
hydrogen features as reported by Ferguson et al. (1 993, J. Mol. Spec
160, 315 - 325). For each planet, the relatively weak laboratory
linestrengths (approximately 30% and 15% less than the theoretical
4-O S(0) and S(1) linestrengths, respectively) results, when compared
to analyses adopting theoretical values, in a -30% decrease in the
tropospheric methane ratio and a comparable increase in the
pressure level of the optically-thick cloudtop marking the bottom of
the visible atmosphere (P.14). The increase in the ratio of S(1)/s(0)
linestrengths from 4.4 (theoretical) to - 5.9 (measured) results in a
decrease in the range of viable ortho/para ratios; an equilibrium

hydrogen distribution is now the best fit for both  planets. For
Uranus, we find fcp4,°0.016 g 005 ‘°' " Peyq = 3.2 __3+1'00

bars, and 0.85 < fgy,< 1.00 (where fejy, and 1-fe |y, denote the
fraction of H, in the equilibrium and normal state, respectively)
compared to the Baines and Bergstralh (1986, Icarus 56, 543-559)
values of fopy4. = 0.030 9010 *0-01 6Pcq = 27 4 *0- bars, and
0.63 < fejy, < 0.95. For Neptune, we find fcypy = 0.022.9 00 6+0-905,

«0yn 7

Pelga = 38.03
Baines and Smith (1990, Icarus 85, 65-108) values of fcyy4 ¢ = 0.03 £

bars, and 0.89 < f,y, < 1.0 compared to the

0.007, Pejq=3.3_0.1%9-> bars, and 0.85 < fj;, < 1.0. The methane

mixing ratio reported here are in agreement with the value of 0.023




derived by the Voyager Radio Occulatation Experiment (l.indal 1992,
Astron. J. 103, 967 - 982) for Neptune, but slightly lower than the.
Voyager Uranus measurement of 0023 reported by l.indal et al.
(1987, JGR 92, 14987 - 15001 ). The relative carbon-to-hydrogen
abundances of 20 _g ““and 28 g *7times the solar value of 4.7 10
derived by Lambert (1 978, Mon. Not. Roy. Astron. Sot. 192, 249-
272) for Uranus and Neptune supports planetary formation
mechanisms involving the dissolution of carbon-bearing
planetesimals in the atmospheres of both planets during their early

stages of formation (e. g., Pollack et al., 1986, Icarus 67, 409-443).

1, INTRODUCTION

The deep-atmosphere methane mixing ratio and ortho-para
hydrogen abundances in Uranus and Neptune, key factors in
assessing current theories of planetary formation and evolution
(Pollack et al.,, 1986, Bodenheimer and Pollack,1986) and planetary
circulation and vertical dynamics (e. g., Conrath and Gierasch, 1984),
have proven difficult to measure in the outermost Jovian planets
FFor example, the Voyager IRIS experiment, which successfully

measured the tropospheric methane abundance, fcyy4,¢, In Jupiter

(Gautier er al., 1982 ) and Saturn (Courtin et al., 1984) was unable to
measure fC}I4, ¢ in Uranus and Neptune, principally due to the

exceedingly cold temperatures extant in these remote atmospheres,

For Uranus, the low thermal flux produced at such low temperatures




(about 100 K just below the tropospheric methane cloud) renders
difficult observations of the Clly emission spectrum at its

fundamentals near 3.3 and 7.8-um. For Neptune, the relatively hot
and methane-rich stratosphere readily emits radiation in these
bands which then obscures emission emanating from deeper regions
of the atmosphere. The lack of signal has proved direct tropospheric
methane detection difficult as well using earth-based thermal
radiance measurements. In the tropospheric-sensitive
millimeter/submillimeter  regime, Orton et «al. (1 986) derived CH4
mixing ratios for Uranus and Neptune from matching the observed
temperature structure to that predicted for various wet adiabatic
lapse rates associated with different methane mixingratios.

However, the poor S/N data together with uncertain gas and
particulate extinction effects resulted in loose constraints onfciyy ¢

Nominal values near 0.02 were found for both planets, with the large
uncertainties encompassing values from approximately 0.005 to 0.03.
As for the ortho/para  distribution of hydrogen, Orton etal (1986)
found that an equilibrium hydrogen distribution was consistent with
their data, assuming that the hydrogen-dominated lapse rate was

that predicted by 112in *“frozen” equilibrium wherein the specific

heat at each level in the atmosphere is calculated as the weighted
sum of the individual specific heats of ortho-H, and para-H, which
are presumed populated in equilibrium at the ambient temperature
(Cf.., Trafton 1967). However, this technique does not allow direct

determination of the ortho/para  distribution.




Consequently,  unlike Jupiter and Saturn, the determination of
the tropospheric methane mixing ratio and ortho/para  distribution
of hydrogen in Uranusand Neptune has relied largely on ground-
based observations in the visible, most notably on spectral
observations of individual, isolated CHy4and Hy lines ( e.g., Baines
1983; Baines an d Bergstralh, 1986; Baines an d Smith, 1990).
However, largely due to the increased effect of aerosols at these
wavelengths, the determination of molecular abundances - in
particular, tropospheric mixing ratios - is less straightforward than at
longer wavelengths. The troposphere of the major planets are
characterized by condensation clouds and hazes which - particularly

in the visible - obscure observations of absorption features formed
below them. On Jupiter and Saturn, NH3 and lower lying clouds

obscure the interpretation of NH3 mixing ratios (e. g., Baines et al.,

]1989); on Uranusand Neptune, Clly hazes and an optically thick

lower layer  obscure the interpretatation of the deep-atmosphere

methane abundance.

previous investigations (e.g., Baines and Bergstralh, 1986; Baines
and Smith, 1990) utilized a combined anaysis of well-isolated
hydrogen quadruple and methane lines to simultaneously
determine the tropospheric methane mixing ratio and the cloudtop
pressure level of the optically thick aerosol layer marking the bottom
of the visible atmosphere for each of the outermost giant planets,
Uranus and Neptune, By utilizing observations of hydrogen
absorption produced in both odd and even rotational quantum

states, these investigators were also able to determine the




tropospheric  ortho/para hydrogen distribution, important for
understanding timescales of vertical convection and circulation from
the relatively deep interior (e. g., Conrath and Gierasch,1984; Smith
1978).

however, these previous investigations were hampered
somewhat by imperfect knowledge of hydrogen quadruple
absorption characteristics, most notably the pressure shift
coefficients and room-temperature linestrengths of the Hp 4-0 s(0)
and §(1 ) lines. In particular, the pressure shift for the 4-O S(0) line
has not, prior to Ferguson et al. (1993), been measured in the
laboratory, The S(1 ) line pressure shift, measured once in the
laboratory. by Brault and Smith (1980), indicated a shift some 20%
less than the theoretical value derived by McKellar (1974).
Nevertheless, these researchers and others (e.g., Cochran and
Smith,1983) consistently resorted to the theoretically derived
values. Similarly, line strengths have been measured in the
laboratory (e. g., Bragger a., 1982; Brault and Smith, 1980; Trauger
et al., 1978; Bergstralh et al., 1978),l but they have consistently
fallen short of the theoretical strengths (e. g., Poll and Wolniewicz,
1978). Nevertheless, the previous analyses of Uranus and Neptune
have again all resorted to the theoretical values, based on the
marginal agreement between the then-current measurements of
Brault and Smith (1980) and Bragg eral. (1 982) for the stronger S(1)
line.  However, the most recent improved linestrength measurements
of Ferguson eral. (1993) indicate that these lines are indeed

substantially weaker than their theoretical values, - by 15% in the




case of S(1) and 30% in the case of S(0). Moreover, the pressure shift
coefficients were determined by these researchers to be 30-60% less
than the theoretical values. Both of these effects serve to weaken the
ability of hydrogen to absorb light, thus indicating that substantially
more hydrogen is present in the observable atmosphere than
reported by recent investigations. in this paper, we re-evaluate the
tropospheric  aerosol structure and molecular abundances of
methane and ortho/para  hydrogen based on these new laboratory
findings, essentially updating the previously reported tropospheric
atmospheric parameters reported by Baines and Bergtralh (1986)
and Baines and Smith (1 990).

11. THE OBSIH{VATIONS

nigh-spectra] resolution observations of the 4-O S(0) and S(1)
hydrogen quadrupole lines and the 6818.9-A CHy feature are utilized
to constrain (1 ) the methane mixing ratio of the deep atmosphere
below the methane condensation level, (2) the cloudtop pressure
level of the aerosol layer marking the bottom of the visible
atmosphere, and (3) the mean ratio of ortho-to-para hydrogen. As
previously demonstrated by Baines and Bergstralh (1 986) for Uranus
and by Baines and Smith (1 990) for Neptune, the observed ratio of
Ho equivalent widths constrains the ortho/para  distribution, while
the individual equivalent widths constrain the relationship between

the methane haze opacity ant] the cloudtop pressure of the optically-




thick cloud deck. Alternatively, when the methane haze opacity is
known, these lines constrain this cloudtop pressure, P;iq, and the

tropospheric  methane mixing ratio, fCII4,t-AS in the previous work,

here we use the latter procedure given that broadband constraints,
notably from Baines and Bergstralh (1 986) for Uranus and Baines
and Hammel (1 994) for Neptune, place significant limits on the
methane haze opacity. These lines, which due to not-insignificant

pressure shifts and pressure broadening are unsaturated, increase in
cq uivalent width as Pjq increases, but decrease as fyy, ¢ increases.

The 6818.9-A methane line observed by Baines et al. (1983) on

both Uranus and Neptune can be used as well to jointly constrain
fcii4,t ad Pgpg.  Contrary to the behavior of the hydrogen lines, the

equivalent width of the methane line increases g5 fCyy4,t iNCreases.
Thus, as demonstrated by Dairies and Bergstralh  (1986) and Baines

and Smith (1 990), the combined analysis of Hy and CH4 line
equivalent widths sets relatively t ght limits on both fcyp4 ¢ and

Peig-

For hydrogen in Uranus, we analyze the high-spectral resolution
observations of Trauger and Bergstralh (1 981 ) previously analyzed
by Baines and Bergstralh (1986). Equivalent widths of 24.2 + 0.5 mA
and 25.3 + 0.5 mA are reported for the 112 4-O S(1 ) and S(0) lines,
respectively. For Neptune, we utilize the observations of Smith er al.
(1 989), previously analyzed by Baines and Smith (1990), for which
equivalent widths of 19.2 + 24 mA and 23.7 + 2.4 mA are reported

respectively for the S(1 ) and S(0) features. The methane line




measurements by Baines et al. (1 983)are characterized by a spectral
resolution of 100 mA and a signal-to-noise ratio of better than 40-
tol. The line exhibits anequivalent width of 130 +10 mA for
Uranus, 150 = 10 mA for Neptune.

111. PARAMETERIZATION/PROCEDURE

The analysis procedure follows largely that of Baines and
Bergstralh (1986) for Uranus and Baines and Smith (1990) for
Neptune, utilizing the updated radiative transfer code of Baines and
Hammel (1 994). The previous work on tropospheric methane and
ortho/para  hydrogen is revised to include: (1 ) the use of Voyager-
determined parameters, including thermal profiles, helium
abundances, and aerosol phase functions, (2) the use of low-
temperature methane absorption coefficients (Karkoschka and
Tomasko, 1992), and (3),in the case of Neptune, vertically-increasing

methane molar fractions in the warm stratosphere.

111. A Molecular Spectral Properties

For hydrogen, we use the Galatry (1961) line shape to calculate
the wavelength-dependent Ho extinction produced within each

atmospheric layer, incorporating the recent line strength, pressure

broadening, and pressure shift measurements of Ferguson et al.




(1993). While comparable to earlier measurements of Bragg et al.

(1982) and Braultand Smith (1 980), and substantially larger than
the prior measurements of Trauger et al. (1 978) and Bergstralh et al.
(1978), the measured line strengths are  nevertheless significantly
less than the theoretical line strengths of Poll and Wolniewicz (1978)
adopted in earlier analyses of the troposphere of Uranus and
Neptune (e. g., Baines and Bergstrath, 1986; Baines and Smith, 1990;
Smith and Baines, 1990). In particular, for the 4-O S(1) feature, we
use the range of linestrengths 137+ 0.17 10'40111'1/(km-am) In
our analysis, as opposed to the Poll and Wolniewicz theoretical value
of 1.66 10"c m'/(km-am), while for the 4-O S(0) line we use 2.31
+ 0.55 10-5 as opposed to the theoretical value of 3.76 10°. We use
the full range of Fergusoneral. (1993) pressure broadening
coefficients for each line: - 9.1341.3910°3 and 7.10 + 1.97 1073
cm’.atm a 296 K for the 4-O S(1) and S(0) lines, respectively. The
nominal figures agree with the previously-measured values of Bragg
(1 981). used in previous studies in this study, we evaluate model
atmospheres over the 15-25% uncertainty determined by Ferguson
et al. (1993). For pressure shifts, we adopt as well the full range of
4-O S(0) and S(1) room-temperature coefficients derived by
Ferguson et al. (1993): -4.22 + 0.36 103 and 6.29 + 1.29 10°3 cm’!
atm’! . These values are some 30-60% less than the theoretically-

derived value of -9.3610°3 reported by McKellar (1974).

For extrapolation to the cold temperatures (-90 K at 1 bar) of
these planetary troposphere, we adopt McKeltar's (1974)

empirically-determined temperature dependence for the pressure-

11




shift. On the other hand, the temperature- dependence for  pressure
broadening is explicitly analyzed in this work through an analysis of
the shapes of the highly-resolved 4-O S(0) and S(1) line profiles
observed on Uranus when its high obliquity yielded a small Doppler
broadening component due to planetary rotation. Two cases are
explicitly explored: pressurc-broadening temperature exponents of
0.32 and 0.75. The former value was adopted by Baines and Smith
(1990), as inferred from the HD:1,  broadening measurements of
Keffer (1985). The latter value has been extensively utilized (cf.,
McKellar, 1974; Baines and Bergstralh, 1986; Cochran and Smith,
1983) and is theoretically expected for quadrupole-qu adrupole

broadening (c.f. Townesand Schawlow, 1955; Birnbaum, 1967)

For the 681 8.9-A methane line, we utilize the room-temperature
line strength previously reported by Baines (1983). The pressure
broadening behavior of the hydrogen-broadened 681 8.9-A methane
line derived by Keffereral. (1986) is wused; i.e,y = 0.0883 |
(T O/'I‘)O-53, where To = 295 K. For Uranus, broadening of line profiles
by planetary rotation is, calculated Qtilizing a cloud-level planetary
rotation period of 16.6 hr, i. ¢., the mean period determined for
features near 30 degrees S. latitude (Smith et al., 1986)
representative of the area-mean latitude observed on the Uranian
disk. FFor Neptune, a cloud-level planetary rotation period of 17.9 hr
Is adopted, as reported by Hammel and Buie (1 987) for a prominent

cloud feature seen near 38 degrees South latitude.

?2




111.11. Uranus Atmosphere
FIGURE 1

The adopted parametrization of the Uranus atmosphere is
illustrated in Figure 1, consistent with a large body of theoretical and
observational evidence pertaining to stratospheric and tropospheric
aerosols, temperature profiles, and helium molar fractions.
Hydrocarbon haze layers extend from the upper stratosphere to a
tropospheric methane haze near 1.3 bars, as predicted theoretically
from photochemic al-thermodyn amical models (e. g., Atreya and
Romani, 1985) and observed by Voyager (Smith et al., 1986; Pollack
et al., 1987). We adopt the number densities, particle modal radii,
and condensation levels of primary upper-level haze constituents
(diacetylene, C4Ho; acetylene, ~2}12; and ethane, CoHg) specified by
Pollack er al. (1987). These aerosols are treated as Mie scatterers
using a log-norms] distribution of width ¢ = 1.35 for number
densities. For each stratospheric hydrocarbon haze layer, the
refractive index is chosen to be that of the dominant constituent in
that layer (which is the species just below its respective
condensation level). In the troposphere, the methane condensate
hazetop is assumed situated at the level reported by the Voyager
radio occultation experiment (l.indaletal., 1987), while its bottom is
assumed located at the methane condensation temperature (which
varies with the cieep-tropospheric methane mixing ratio). A double
Henyey-Greenstein particle  phase function is assumed for this layer

(g1= 075 g = -018, f; = 0,56), based on analysis of Voyager

imagery over phase angle by Rages eral. (1 991 ). Below this methane

13




haze layer, of optical thickness 1y, lies aclear region limited at its

bottom by an optically-thick cloudtop at pressure Pc14, which itself is

characterized by the same phase function as the methane haze. The
therms] profile is that of lLindaleral. (1987). Below the methane
cloud, the methane mixing ratio is fixed at its deep-tropospheric
vaue. Following the Clausius-Clapeyron relation, this mixing ratio
decreases with altitude in the cold-trap region above the methane
condensation level. Above the tropopause, the mixing ratio is fixed

at its tropopause value of 10-0

In our analysis, the values of six parameters are left free to be
constrained by the data. Two involve molecular mixing ratios: fcyyg.t

the deep-tropospheric methane mixing ratio; and feyy,. the fraction

of ortho/para hydrogen distributed following the equilibrium
distribution of states. The other four parameters involve aerosol
characteristics: 1}y and @y, the opacity and single-scattering albedo of
the methane haze; P.jq4. the pressure of the top of the presumed
optically-thick layer marking the bottom of the visible atmosphere;
and ®.)q4. the single-scattering albedo of this cloud. The data itself
consists of (1 ) the 681 8.9-A methane equivalent widths of Bainese?
al. (1 983), previously analyzed by Baines (1983) and Baines and
Bergstralh (1 986), (2) the hydrogen quadruple 4-O S(0) and S(I)
equivalent widths of Trauger and Bergs tralh (1981), previously
analyzed as well by Baines and Bergstralh (1986), and the broadband
(7-A resolution) geometric albedo observations at the molecular line
positions (i. e, 6369 A, 6435 A, and 6818.9 A) as measured by Neff et

al. (1984, 1985). A range of methane absorption coefficients was

14




used for each broadband wavelength, ranging from those derived by
Karkoschka et al. (1992) for a cold atmosphere to those measured

by Giver (1 978) at room temperature.

H1.C  Neptune Atmosphere

The adopted structure of the Neptunian atmosphere is based
largely on the structure derived for the global atmosphere by Baines
and Hammel (1 994), which, as for Uranus, in turn is based on a large
body of theoretical and observational evidence. As depicted in

Figure 2, our morphology includes a stratosphereic haze region
principally comprised of ethane (CoH 6) and acetylene (CoH,) aerosol
layers, but with trace amounts of propane (C3H 8), propylene (C3Hg),

diacetylene (C4H 5), and HCN aerosols (Romanietr al., 1993). The

distribution of aerosols is that determined by Baines and Hammel
(1994) for the mean globe, based on the condensation levels of
Romani et al. ( 1989). in the troposphere, a methane haze of opacity
at 0.6 pm of tyy = 0.085 is adopted (Baines and Hammel, 1994),

characterized by the double Henyey-Greenstein phase function
parameters of  Pryor eral. (1992): g= 0.900, g,= -0.11, and f} =
0.42. The bottom cloud resides ata pressure to be determined by
the analysis, and is characterized as well by the Pryorer al. (1 992)
phase function. As for Uranus, the single-scattering albedo of this
cloud is to be constrained as well by the analysis. The helium molar
fraction is assumed to be 0.15 (Conratheral., 1991), and the

pressure-temperature profile of Tyler et al. (1 989) is adopted.

FIGURE



V. RESULTS

IV. A The Temperature Dependence of Pressure Broadening

Using the spectrally-resolved line profiles of Uranus, we first
explored the temperature dependence of the hydrogen pressure-

broadening coefficient. Specifically, we investigated the power-law
exponent, app, in the expression:

YTy =yoP CI'. /1 )T, where

vy is the pressure-broadening coefficient at temperature T, 7y, iS the
coefficient at temperature 1, and P is the pressure.. Over a wide
range of atmospheric model structures, we found that the theoretical
value of 0.75 pertaining to quadrupolar interactions (e. g., Birnbaum
1967) provides a much better fit than the empirical HD-HD value of
0.32 measured by Keffer (1985) and used in recent analyses (e. g.,
Baines and Smith, 1990; Smith and Baines, 1990).

Figure 3 shows modelled vs observed line profiles for the
nominal atmospheric structure derived in this work (f ¢y ¢ = 0.16,

fer1p = 10, pJd =3.13. bars, 1y = 0.6,). Standard deviations become

50% less for the S(1) line, and 30% less for the S(0) line, when a.
temperature index of 0.75 is used instead of 0.32. The trend of
standard deviations over a range of pressures and room-temperature

pressure-broadening coefficients is depicted in Figure 4. Superior fits
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over the full range of pressures is for appy = 0.75 and the upper-limit

values for y, measured by Fergusoneral (1 993).

IV.B. Uranus

For each choice of 1}y, ®yy,fep1,. @nd fcyy4,¢ (Bs described in Section
11.B and depicted in Figure 1), the range of P.q and @ 4 which fit

the range of observed equivalent widths and continuum geometric

al bedoes for each of the three molecular lines was determined.
Evaluating over a range Of fCI]4,tv a family of solutions in 1’.]d

fcii4,w SPace was developed for each molecular line, as, for example,
depicted in Figure 5 for the case of 1}y =0.40, @y = 1.0, and fe}1, =

1.0. Each of the three molecular lines places relatively broad
constraints on viable combinations of (P.i4.fcy14 ). However, as

depicted in Figure 6, the coupled constraints imposed by the three
lines places tight constraintsonviable (Pcyq . fCH4,t) combinations.

in particular, uncertainties of + 0.004 in fcyy, ¢ and + 0.5 bars in P¢q

are found. Differences in the behaviors of hydrogen and methane
absorption upon a change in the methane mixing ratio primarily
accounts for such tight combined constraint diagrams. As the
methane mixing ratio increases, hydrogen lines require an increase
in the model led hydrogen column abundance (i. e, an increase in
bottom cloudtop pressure, P.jq) to preserve the model led equivalent
width (c.f., panel (a) of Figure 5). This is primarily because the
increase in  background tropospheric methane gas absorption in and

around the H, line reduces the effective depth of the atmosphere,

thus reducing the hydrogen line equivalent width. On the other hand,
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a typical curve-of-growth is found for the methane line: As fcyyg,t

increases, P.)g decreases to preserve he equivalent width.

in our analysis, such coupled constraint diagrams as shown in
Figure 6 were derived for 1y ranging from 0.1 to 0.8, wyy covering 0.7
to 1.0, and fe1, ranging from 0.0 (normal H,) to 1.00 (equilibrium

Ho).For dl lines, as 1y increases, P.)q also increases to preserve the

equivalent width. (c.f. panels (a) and (c) of Figure 6). 1t is found that

the geometric albedo near the S(0) line then places significant
additional constraints on viable (P¢14.fc14,¢) solutions for large 11

effectively limitingP;jq to a maximum of 4.2 bars where fcyyy ¢ iS

approximately 0.017.

The standard dev ation between the best fit }12 4-O S(1 ) model
and the observed line profile can be used to constrain tj; and @yy. We
find that the best combination is of these parameters is 1t} = 0.40
and ®yy. = 0.90 (i.e, panel (b) of Figure 6). Overal, we find constraints
onP.q of 32 093 -0 bar and fc144 = 0.016 .0.005 +0.007 over the
full range of viable tyy, @y, and fepy,.

Figure 7 shows constraints on the ortho/para hydrogen
distribution for the nominal fcjj,  solutions of Figure 6. The

mini mumf . yy,. varies little between the various diagrams, indicating

that a minimum f.p, of 0.85 as a hard consraint. The nominal

value of 1.0 means that equilibrium hydrogen is the best solution for

Uranus.
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1V.C Neptune,

Results of a similar analysis of (P.1q, fCH4,t and the ortho/para

hydrogen distribution for Netune are shown in Figures 8 and 9.
Here, the recent analysis of Baines and Hammel (1 994) allows a

much narrower range of methane haze opacities to be considered
than is the case. for Uranus. We find that fcyy, ¢ is limited to 0.016 -

0.027 and P;jq constrained to 3.46 - 4.47 bars, with .nominal values
of fopi4,.= 0.022 and P.g = 3.8bars. The minimum fqyy, is 0.89,

with a nominal value of 1.0 denoting that equilibrium hydrogen is

the best solution for Neptune as well as for Uranus.

V, DISCUSSION

The smaller line strengths and pressure shift coefficients used
here compared to previous studies result in a significant increase in
the calculated depth of the visible atmosphere and a concomitant
reduction in the tropospheric methane mixing ratio for both Uranus
and Neptune. In particular, we find the cloud top marking the bottom
of the visible atmosphere lies approximately 0.5 bars deeper down in
the atmospheres of both planets compared to the previous analyses
of Baines and Bergstralh ( 1986; Uranus) and Baines and Smith (1990;
Neptune). The tropospheric methane mixing ratio is reduced by

about 30% for both planets. The value found in this' investigation for
Neptune, fcyy4¢ = 0:022 -0.006 +0.005 js in good agreement with the

value Of TCH4,t = 0.023 estimated by the Voyager Radio Occultation
Experiment (l.indal, 1992). Given the disparate ways fCyy4.t ‘as
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derived (directly from spectroscopic absorption here, indirectly from
the pressure level at which a putative methane condensate layer was

inferred by Voyager), the similarity of results is remarkable. On the
other hand, the low methane mixing ratio found for Uranus fchge -

0.016 _gqgs ‘""" barely overlaps the Voyager Radio Occultation
Experiment result (again, fcyy,, = 0.023; Lindal et «l., 1987).
IFIGURE 1(

The elemental carbon-to-hydrogen ratio implied by fcjy4 ¢ can be
compared to that of the Sun to place constraints on planetary
formation scenarios. Figure 10 shows the planetary enhancement in
C/1l relative to that of the Sun for all the Major Planets. As a
function of orbital distance, C/H increases monotonically, thus
implying a similar steady increase in the proportion of planetary
material derived from condensed, carbon-containing solids in the
outer solar system beyond Jupiter and a concomitant decrease in
the contrib ution of nebulae gases. (quantitative constraints on the
amount of solid material contributed by carbon-bearing
planetesimals to Uranus and Neptune during their early stages of
formation can be derived from the planetary formation theory of
Bodenheimer and Pollack (1 986) and Pollack et al. (1 986). As shown
in Figure 11, our data coupled with this theory indicates that at least FIGURE
2.8% of the carbon in the outer solar system near the orbit of Uranus
was originally sequestered in planctestimals, and at least this same
percentage of carbon-containing planetesimals was eventually
incorporated in the forming Uranian envelope during the planet's

early format ve stages. Further out from the Sun, this percentage

20




figure increases toatleast 5% near the orbit of Neptune, as shown in

Figure 12.

As shown inFigure 13, our finding that molecular hydrogen in 'IGURE

local  thermodynamic equi ibrium fits best the observational data for
both Uranus and Neptune s in contrast to Jupiter where at least 5%
of the hydrogen s not in equilibrium (Conrath and Gierasch, 1984).
This result may not be unexpected given the extended relatively-
cold troposphere of these outer worlds (Smith, 1978) and, in the
case of Uranus, the lack of an internal heat source. For Neptune, the
presence of a large internal heat source may power convective
dynamics which conceivably could transport air parcels from the
relatively-warm interior in relatively-short timescales, thus perhaps
leading to an expectation of un-equilibrated hydrogen. However, the
conventional equilibration time of - 3 years may be circumvented by
catalytic processes (e¢.g., Massie and Hunten, 1982). Thus the
presence of equilibrium hydrogen as reported here does not
necessarily preclude active convective processes within the

troposphere of the outermost Major Planets.
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FIGURE CAPTIONS

Iigure 1. Uranus: Nominal model structure. Shaded boxed numbers

show nominal valuesderived in this study. These include the
tropospheric  methane mixing ratio ({1 CH4, s the @7 tho/para

hydrogen  distribution  (f,j1,, the fraction of hydrogen in
thermodynamic equilibrium), the pressure of the cloudtop marking
the bottom of the visible atmosphere (P;14), the cloud single-
scattering albedo (®:1g), and the methane haze opacity (m;) and

optical depth (ty; ). Other adopted parameters for various haze and

cloud layers are also depicted. I hydrocarbon haze layers extend from
the upper stratosphere to the tropospheric methane haze near 1.3

bars. Number densities, particle modal radii (<r>), and condensation
levels of primary upper-level haze constituents (diacetylene, C4H1;

acetylene, CoH 2; and ethane, CoHg)are from Pollack et al. (1987).

The real refractive index (n;)of the primary constituent is chosen

for each hydrocarbon haze layer above the tropospheric methane
haze. The imaginary refractive index is set to 1.00 (conservative
scattering). The methane hazetop is assumed situated at the level
reported by the Voyager radio occultation experiment (Lindalet al.,
1987), while its bottom is assumed I|ocated at the methane

condensation temperature. Double Henyey-Greenstein particle phase

function parameters (gy, gy, f] ) for the methane haze and bottom
cloud layers are from Rages ¢t al. (1 991). The thermal profile is that
of lindal et al. (1987),
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Figure 2. Neptune: Nominal model structure. Shaded boxed quantities
show nominal parameters derived in this study. Other atmospheric
parameters are from the nominal structure reported by Baines and
Hammel (1994), consistent with Voyager imaging and radio
occultation results and ground-based imagery. Stratospheric
condensation levels of various hydrocarbons and relative weighting
of stratospheric column number densities are from Romani et al
(1989, 1993). The real component of the refractive index (n) for the
primary constituent (first listed) is wused for each of these
stratospheric  aerosol layers. Double Henyey-Greenstein particle
phase function parameters (gi,82, f] ) for the methane haze and
bottom cloud layers are from Pryoreral. (1 992) The thermal profile

is from Voyager measurements reported by Tyler etal. (1 989).

Figure 3. Modelled vs observed line profiles for various temperature
indices of pressure broadening (ypy ). For both S(0) and S(1 ) lines,

standard deviations (o) are 30-50% less for appy = 0.75 than for

temperature index app = 0.32. These profiles pertain to the nominal
atmospheric structure derived in this work: fCHg,t = 0.016, P.1q =

3.13 bars for a methane haze opacity 1j;; = 0.4 and methane haze

single scattering albedo @y} = 0.90.

Figure 4, Standard deviation (c) vs cloudtop pressure (P¢jq) for

various room-temperature pressure shift and broadening coefficients
and pressure-broadening temperature indices (app). Over the range

of plausible room-temperature coefficients derived by Ferguson et al.
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(1993), the upper limit ("max FFerg. values”) pressure broadening
and pressure shift values produce the best fits. Temperature index
of 0.75 is superior to 0.32 for both the 4-O S(1) and S(0) lines over

all pressures.

Figure 5. Uranus: individual constraints on deep-atmosphere
methane molar fraction (foyy4, ¢) and cloud top pressure (P¢iqg)

imposed by the equivalent widths of various Hy 4-O quadrupole and

68 18.9-A CHy lines and the geometric albedoes of nearby continua.

Hydrogen equivalent widths observed by Trauger and Bergstralh
(1 981), the methane line equivalent widths determined by Baineset
al. (1983), and continuum observations of Neff et al. (1984, 1985)
place significant constraints on these tropospheric parameters. Case

shown assumes methane haze cloud opacity of 0.40 and single-
scattering a bedo Of 1.00. Panel (&): constraints from Hy 4-O (1) line

equivalent width  (shaded nearly-vertical curves) restrict P.jq4> 2.6

bar. Maximum f¢yy, ( determined from the geometric albedo near

the S(1) wavelength (here denoted as the “1/F limit") restricts fryyy, ¢
< 0.055, Panel (b): Hy 4-O §0) line indicates slightly greater
pressures; continuum geometric albedo implies fopy, ¢ < 0.025. Panel
(c):  6818.9-A methane line equivalent width yields fcyy, ¢ VS Peig
behavior nearly orthogonal to that displayed by H2 quadrupole lines

depicted in Panels A and 13.




Figure 6 Uranus: Combined constraints on the deep-atmosphere
methane molar fraction (f¢yy4 () and cloudtop pressure (P.jq).

Solutions are depicted for two values of the methane haze opacity
(Panels (a) and (b): 73y = 0.4; Pane] (c), 133 = 0.6) In each panel, three

sets of constraints, one set for each of the H2 $4 (1) and 4 (0) lines

and another for the 681 8.9-A line (c.f Figure 5) are superimposed,
depicting the combined constraints on solutions which
simultaneously satisfy all the observed constraints. In each panel,
the range of values satisfying all data sets simultaneously is the
clear region surrounded by shaded regions and shaded lines. (The
shaded region itself indicates solutions which  simultaneously satisfy

both the hydrogen quadrupole equivalent widths, but not other
constraints such as the CHy line equivalent width or geometric

albedoes). Panels (a) and (b): constraints assuming CH4 haze optical
depth 73y = 0.4. Pane] (a) isfora conservatively-scattering haze (wyy
of 1.0); Panel (b) is for a haze sing] c-scattering albedo @y = 0.9. P.q
is constrained to 2.95 - 3.84 bars over this range of ®yy;fcpy,t 1S
limited to = 0.012 - 0.020. Pane] (c): a higher Cll4 haze opacity (ty] =

0.6) results in a deeper cloudtop (P,1q descends to the 3.3 - 4.2 bar
region), and a greater methane molar fraction (fcyy4,¢ = 0.015 -

0.023). In each panel, a nomina solution is shown (open circle with
dot), defined as the solution which simultaneously fits the nominal
equivalent widths of the 681 8.9-A and Hy 4-O S(I) lines (dashed
curves). Standard deviations (numbers) between the observed and
modelled Hy 4:0 S(1) line profiles are depicted for the nominal S(1)

equivalent width curves. Standard deviations slightly favor the tyy =
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0.4, ®y; = 0.9 solution, indicating nominal values for this study of
fecrig,r = 0.016, Pgpg = 3.13 bars,

Figure 7 Uranus: Hoortho/para  (distribution determined from 4-O

S(0) and S(1) equivalent widths. For each line, cloudtop pressures are
depicted (abscissa) which satisfy the observed quadruple
equivalent widths over a range of fg}15. the fraction of Hy in local

thermodynamic equilibrium. in each panel - which together span
the nominal range of CHg molar fractions, methane haze opacities,

and methane haze single-scattering al bedoes shown in Figure 6 -
only relatively large values of fe 119 satisfy both lines

simultaneously, as depicted by the cross-hatched area in each
panel. Final value for fC114.t derived in this study, fc Hg,t=0016.

0.005 +0.007 restricts fe“2 > 0.85.

Figure 8 Neptune: Combined constraints on deep-atmosphere
methane molar fraction (fc 14,1 ) ad cloud top pressure (P.jq) from

the equivalent widths of the 1, quadrupole and the 681 8.9-A CHy
lines observed by Smith and Baines (1 990) and Baines et al. (1983).

As in Figure 6, clear region surrounded by shaded regions and lines
shows range of values satisfying bothll, and CH4 data sets, with
fchg4,t limited to 0.016 - 0.027 andP.jq constrained to 3.46 - 4.47
bars. Nominal value (circled) is fcyy, 1= 0.022 and Pig=3.8 bars.
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Figure 9. Neptune: 112 ortho/para  distribution determined from 4-O

S(O) and S(1) equivalent widths. As with Uranus (Figure 8), only
relatively large values of fc}lz satisfy both lines simultaneously, as

depicted by the cross-hatched area in each panel. Final value for
fCH4.t derived inthisstudy, foyy, = 0.022 0006
fer1y >0.89.

«t0y 00

*restricts

Iigure 10. C/H enhancement from 5 to 30 AU. Carbon elemental
abundances compared to that observed in the Sun by Lambert
(1 978) are depicted from this work (open circles) and from others.
C/H increases monotonically with solar distance beyond 5 AU,
indicating a concomitant increase in the proportion of solid carbon-
bearing planetesimal material contributing to planetary formation

beyond Jupiter.

Figure 11. Uranus: Theoretical constraints on the amount of
condensed carbon delivered by planetesimals during the early
stages of planetary formation. The enhanced carbon abundance
observed in Uranus compared to thatl observed in the Sun indicates
that a significant amount of carbon was captured by Uranus through
the accretion of carbon-bearing planetesimals during the early
stages of the planet’s evolution, that is, prior to the core’s reaching
the critical mass for runaway gas accretion (c.f. Pollack et al., 1986).
Panel (a): ‘I"he observed limits on carbon enhancement (relative to
that of the Sun) derived in this study are shown against theoretical

enhancements derived by Pollackeral. (1986). In this plot, the
abscissa (a.) is the fraction of carbon sequestered in  condensed
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material in the outer solar nebulae during the early stages of
planetary formation. Various theoretical curves are shown,
pertaining to different values of ., which denotes the mass fraction
of carbon-containing planetesimals that dissolved in the forming

envelope of Uranus and was eventually well-mixed throughout the
envelope. Panel (b) shows solutions in exe- 3. space derived from

panel (@). Curves are nearly constant in the product o.B. Minimum

o.B. limit of 0.028 indicates that at least 2.8% of the carbon in the

outer solar system was originally sequestered in planetesimals near
the Uranian orbit, and that at least a similar fraction of carbon-
containing planetesimals was eventually incorporated in the young

Uranian envelope.

Figure 12. Neptune: Theoretical constraints on the amount of
condensed carbon delivered by planet esimals during the early
stages of planetary formation, Same as in Figure 11, except for
Neptune. Mini mum  o.B: limit of 0.050 is nearly twice that of
Uranus, indicating that a significantly higher percentage of solid
carbon material near Neptune’s orbit eventually was incorporated

into the planet.

Figure 13. The ortho/para hydrogen distribution in the outer Solar
System. Local thermodynamic equilibrium fits best the observational
data for both Uranus and Neptune (open circle), in contrast to Jupiter

where at least 5% of the hydrogen is not in equilibrium.
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